Laser cooling of nuclear beams in storage rings is discussed. The main properties of nuclei with isomeric levels in the energy range E < 50 keV are presented.
Introduction
It is under discussion to operate storage rings like HERA, RHIC, LHC with heavy ions. Because of the heavily increased intrabeam scattering of heavy ions compared to protons, the achievable luminosity of the rings is much smaller than desired by the experiments. A way to increase luminosity could be cooling of the beams. Different methods of cooling can be suggested. Among them the electron and laser methods of cooling are the most effective ones. Because of the high electron energy necessary for electron cooling of heavy ions the conventional approach using electrostatic DC sources is not possible. Instead an electron storage ring could be used. For this ring there are special requirements like small damping times, emittances and energy spread. The feasibility of such an electron storage ring was studied for HERA, and the results with a possible solution are presented in papers [1] , [2] . In this paper the laser cooling of nuclear beams in storage rings is discussed. The main properties of nuclei with isomeric levels in the energy range E < 50 keV are considered when the isomer half-life in the fully stripped ion τ ′ rad is less than some µs. There are no any other decay channels for low energy isomeric nuclei levels, excluding γ-radiation, for naked nuclei. That is why, the isomer's half life in a fully stripped ion coincides with the radiation life time.
Fundamentals of laser cooling of ions in a storage ring
As a consequence of Liuville's theorem, the compression of phase space density for a given ensemble of particles requires a dissipative force. In the case of both simple and complicated particles such as electrons, protons, heavier ions moving in the external fields such a force results from the radiative friction. Friction force appears through synchrotron/undulator radiation of particles in the fields of bending magnets, magnetic lenses, undulators or through backward Compton/Rayleigh scattering of laser photons by simple/complicated charged particles. Below we will discuss the physics of the backward Rayleigh scattering of laser photons on relativistic complicated ions/nuclears and methods of the nuclear beam cooling based on such scattering [3] - [10] .
The Rayleigh scattering of laser photons on relativistic ions
Let a laser beam is directed against and scattered by an ion beam. In general case the laser beam is not monochromatic one. The central frequency of the incoming and scattered laser photons in this case will be written as ω l 0 and ω s 0 respectively. Since we are considering the case near resonance, we have ω l ≃ ω l 0 and ω s ≃ ω s 0 . Lethω tr be the transition energy in the ion's rest frame between two electronic (not fully stripped ion) or nuclear (naked ion) states 1 and 2, andhω l and hω s be the corresponding energies of the incoming laser photons and the scattered photons in the laboratory frame, respectively. These quantities are related bȳ
,hω
where
, ε is the ion energy, M its mass, β = v/c, v the ion velocity, c the speed of light, ψ and θ the angles between the initial and final photon velocities and ion velocity respectively.
In this paper, we restrict to the case ψ ≃ π, β ≃ 1, γ ≫ 1, θ ≪ 1 in which the above equations becomeh
Due to the Lorentz transformations in accordance with (2.2) low-energy laser photons from the laboratory system are converted to much larger photon energies in the ion's rest frame. Thus highly charged ions become accessible to laser cooling.
In the ion/nuclear rest frame K ′ the photo excitation cross section for photons of the energȳ hω ′ l is given by [11] - [13] σ(ω
where g 1,2 = 2J 1,2 + 1 are the statistical weights of the states (in the naked ion 1 denotes the nuclear ground state with spin J 1 , and 2 denotes the nuclear isomeric state with spin J 2 ), Γ is the natural linewidth for two level system (transition probability) for the spontaneous photon emission of not fully stripped excited ion or nuclear, i.e. Γ = 1/τ ′ rad where τ ′ rad is the level decay time in the K ′ system 1 ,
is the Lorentzian with normalization condition in the bracket. In the ion rest frame, the scattered radiation is spherically symmetrical and the energies of incident and scattered photons are about the same. In the laboratory frame, the scattered radiation will be directed mainly in the ion velocity direction in the narrow interval of angles ∆θ ∼ 1/γ. The energy of the scattered photons will be Doppler shifted. The maximum and average energy of the scattered photons arē
In the laboratory frame the laser-ion interaction is represented by the rate equation, consisting of n 1 + n 2 = 1 and
Here n 1 (n 2 ) are the occupation probability for ion/nuclear state 1 (2);ṅ ω = (1/hω l )∂I l /∂ω l is the spectral density of the laser beam flow; τ = γ/Γ, the decay time; in the cross section σ(ω ′ l ) the laser frequency ω ′ l at the ion rest frame must be expressed through the laboratory frequency ω l = ω ′ l /(1 + β)γ; factor (1 + β) takes into account the motion of ions toward the photon beam; the ratio g 1 /g 2 represents the symmetry relation for the Einstein coefficients.
Below we assume that the incident laser beam has a uniform spectral intensity ∂I l /∂ω = I l /∆ω l in the frequency interval ∆ω l centered around ω l , where the bandwidth of the laser spectral line ∆ω l /ω l 0 > Γ/ω tr and fulfill the condition (2.4), I l is the total laser intensity. Substituting n 1 = 1 − n 2 to the equation (2.6) we will reduce it to
, the saturation intensity; coefficients A and B are proportional to the laser intensity. They differ from zero for intervals of time when ions go through the interaction regions of the storage rings.
The solution of the rate equation in and outside of the interaction region is of the form
is the initial occupation probability at the entrance of the interaction region; t 0 , the time of entrance of the ion in the interaction region; ∆t int = l int /βc the interaction time; l int , the length of the interaction region; T = C/βcN int ; C, the circumference of the storage ring; N int , the number of the interaction regions in the storage ring. The interaction length l int = l wp /(1 + β), if the length of the laser beam wavepacket l wp is less then double length of the straight section of the storage ring and 4l R , where the Rayleygh length of the laser beam l R = 4πσ 2 l 0 /λ l ; σ l 0 , the transverse dispersion of the laser beam distribution in the point s = 0 corresponding to the waist of the laser beam; λ l = 2πc/ω l , the laser wavelength. The dispersion in any point s:
The value n 2 (t) reaches a steady state (n 2 (t) = n 2 (t + T )) for t − t 0 ≫ τ . In this case
In particular
According to (2.8), (2.10) the time dependence of the occupation
The quantityṅ s = n 2 /τ can be interpreted as the number of scattered photons per ion per unit time. It can be presented in the formṅ s = (1 + β)(I l /hω l )σ, where σ is the average cross section of a photon scattering by ion:
This value agree with the definition of the average cross section determined by the equation
tr /4g 1 (1 + β)γ∆ω l for the case D = 0. The average power of the scattered radiation in the case n 2 (t) ≃ const and τ ≫ T , according to (2.11) can be presented in the form 
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where σ ε in is the initial rms deviation of the ion energy from an equilibrium one, M atomic mass of the ion. Usually the value
It depends only on the properties of the ion, laser photon energy and the relative energy spread of the ion/nuclear beam. Laser cooling of not fully stripped non-relativistic ion beams was used at the TSR ring in Germany and ASTRID in Denmark [14] - [18] . This is one of possible cooling methods of ion beams in the longitudinal plane. In other methods the laser frequency can be constant. Ions in the direction of given resonance energy can be accelerated by eddy electric fields or by phase displacement mechanism.
Bunched ion beams can be cooled in buckets by quasi-monochromatic laser beam with accelerating fields of radiofrequency cavities [19] . The broadband laser beam with a sharp low frequency edge can be used as well. In the last case the edge frequency must have such a value that only ions with energies above the equilibrium one can be excited [20] .
The considered one-dimensional laser cooling of ion beams is highly efficient in the longitudinal plane. A special longitudinal-radial coupling mechanisms such as synchro-betatron resonance [21, 22, 4] or dispersion coupling [23, 24] can be added for ion cooling both in the longitudinal and in the transverse planes. In papers [4] - [6] a conventional three-dimensional radiative ion cooling method is proposed and developed. An efficient enhanced method of cooling both in longitudinal and transverse planes was suggested in papers [8] , [9] . Unfortunately the damping times in the three-dimensional method of cooling of naked ion beams are long and the enhanced method of ion cooling in the transverse plane can be applied only to the not fully stripped ion beams if the level decay length of ions is shorter then the length of betatron oscillations in the storage ring.
Fully stripped ions have very narrow nuclear levels and as the result very small average cross sections. In this case ions crossing the laser beam of finite length in the interaction region will perceive the monochromatic laser as a broadband one with the frequency band ∆ω l /ω l 0 ≃ λ/2l int ≫ Γ/ω tr . It means that if the laser frequency band is given, the length of the interaction region must be l int > l cm, the saturation intensity I c ≃ 4.4 · 10 5 W/cm 2 and corresponding saturation power P c = 2πσ 2 l 0 I c = 6.1 kW. We assume that the optical resonator with conventional or super-reflection mirrors will permit to decrease the laser power 2÷4 orders times [25] , [26] . If the saturation parameter D = 10 and the finesse of the resonator F = 10 4 , the intraresonator power P ir L ≃ 6.1 · 10 4 W and the average laser power P l ≃ 6.1 W. The average power of the scattered radiation P s = 2πσ We have investigated the possibility of the ion beam cooling for different ions using nuclear transitions. The results of this investigation are presented in the Table 1 . In this Table: J π is a nuclear level having spin J, and a parity π ; E, an isomeric level energy; α, a conversion coefficient; T 1/2 , a nuclear level half life for unionized atom. For isomeric level the value T 1/2 is connected with the isomeric level radiative time in the rest frame τ ′ rad by the relation T 1/2 = (1 + α)τ ′ rad . The collected nuclei are meet the following requirements. They have a ground states half-life T 1/2 of more than an year. They have an isomeric level in the energy range E < 50 keV. This level is a first excited level in the nucleus as a rule (if the isomer is the second excited level, the isomer branching ratio equals to zero for the decay to the first excited level). The isomer half-life in the fully stripped (naked) ion τ ′ rad is less than some µs. At this Table we presented also the minimum damping time τ ε min of ion beams forhω Table 1 .
Below we will consider a realistic example of cooling of 
Conclusion
The considered examples show that naked ion beams can be cooled in the longitudinal direction for an acceptable damping time τ ε < 1 h using lasers of moderate power and high finesse open resonators in optical/UV regions.
Conventional present day optical lasers (hω Table 1 can be cooled in LHC using conventional present day UV lasers (hω l 0 ∼ 4 ÷ 10 eV) and UV resonators.
201 Hg ions can be cooled in the storage ring HERA for the cooling time τ ε < 1.0 h (we suppose τ ′ ε = 20 µs) if nuclear transition energyhω tr = 1.556 keV and conventional UV lasers (hω l 0 ∼ 4 eV) will be used. To cool in HERA ions with transition energieshω tr ≤ 10 keV (see above) we need in the more high energy UV lasers (hω l 0 ∼ 10 eV). The power of the present day conventional UV lasers suitable for cooling such ions is not enough [29] - [33] . At present, powerful free electron laser with an average power P l > 2 kW is in operation and one with an average power in excess of 10 ÷ 100 kW in the infrared (λ l 0 > 1µm) is designed at Jefferson Lab in USA [34] , [35] . At the same laboratory multi-kW laser in UV region (hω l 0 ∼ 4 eV, P l = 3 kW ) has been planned [35] . Near the same parameters infrared FEL was realized by JAERI FEL group in Japan. This group has planned the UV laser (hω l 0 ∼ 12) eV as well [36] . The capital cost for a complete facility is estimated to be $55M in production. The energy of the electron beams of the superconducting liner accelerators in such facilities will be ∼ 200 MeV [37] . The width of the spectral line in free-electron lasers is ∆ω
It can be made narrow in the prebunched (parametric) free-electron lasers using long (∼ 10mm) electron bunches tuned to a side maximum [40] and a system of coupled resonators (a mode selection method) [38] , [39] . It follows that conventional lasers and free-electron lasers will be able to solve the problem of high power optical and UV lasers for cooling of naked ions in HERA and LHC in the nearest future.
To cool nuclear beam in the transverse direction we can use longitudinal-radial coupling of betatron and phase oscillations through the synchro-betatron resonance. In this case the cooling time will be increased ∼ 2 times.
Notice, that excitation energies of electronic levels of not fully stripped ions are much lower then nuclear ones. At the same time the scattering cross-section for electronic transitions is much larger then for nuclear ones. That is why effective laser cooling of both non relativistic and relativistic not fully stripped ion beams can be realized in storage rings easily.
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